A high prevalence of epilepsy in children is frequently found in developing countries. Though high rates of acquired brain injury may contribute, the possibility that malnutrition may lower seizure threshold has rarely been examined. This review suggests potential biochemical mechanisms that could adversely affect seizure threshold, particularly the effect of malnutrition on inhibitory neurotransmitters and electrolytes. Supporting evidence from animal research and epidemiological findings in children are discussed.
INTRODUCTION
Many epidemiological studies of childhood epilepsy from developing countries have shown high prevalence rates 1 , sometimes as high as four times those in the West 2 . Though the disparity in findings may be due to differences in case definition and ascertainment, studies that used the same method at several sites have found marked differences in prevalence. Rwiza et al., in Tanzania 3 found prevalence rates varying from 5.1 to 37.1 per 1000 between villages and Durkin 4 found prevalence rates ranging from 5.8 per 1000 in Jamaica to 15.5 per 1000 in Pakistan, using an identical methodology on both sites. This suggests real geographical differences in prevalence within and between countries.
Though few studies from developing countries have examined aetiological factors for childhood epilepsy there is evidence of profound differences from Western populations. Case series from Tanzania 5 and Pakistan 6 emphasized the importance of CNS infection and perinatal complications. Some studies have demonstrated the importance of specifically tropical infections such as malaria 7 and arthropod-bourne encephalitis 8 , others emphasize high rates of infections also found in the West such as bacterial meningitis 9 , while others 10, 11 draw attention to epilepsy-causing parasites such as neurocysticercosis which, though not specifically tropical, are diseases of poverty.
Studies that include adults also implicate head injury 12 , but the spectrum of aetiology changes with age and findings in adults are of limited relevance to children. No cause can be identified for epilepsy in 60-90% of cases 13 and the absence of information on exposure to risk factors in the general population makes confident aetiological attribution impossible in case series. Only two case control studies have reported from developing countries 14, 15 and these have covered the full age range. These implicated family history and preceeding febrile seizures as risk factors. They did not examine other aetiological factors. A Western study using a large birth cohort 16 has noted the contribution of CNS infection to epilepsy in children but de-emphasized perinatal factors. Studies from South Africa 9 and Nigeria 17 showing the important role of adverse obstetric events in the causation of epilepsy demonstrate the limited relevance to developing countries of studies performed in wealthy countries. Most studies of the cause of epilepsy have used a monofactorial aetiological model but it is likely that acquired brain insults interact with background factors that affect seizure threshold, such as genetic predisposition 18 , to produce epilepsy in individuals and populations. There is good evidence that children in developing countries are exposed to higher rates of events that can cause epilepsy such as CNS infection 19, 20 as well as an excess of antenatal and birth complications as indicated by perinatal mortality rates 21, 22 . Studies of the aetiology of epilepsy have concentrated on events known to cause brain injury while neglecting the background factors that may work with these insults to produce epilepsy. This paper reviews evidence that malnutrition may lower seizure threshold and contribute to the prevalence of epilepsy in children in developing countries.
Malnutrition, the electrolyte environment and epileptogenesis
Despite minor difference in the indices used, malnutrition in children under 5 years is highly prevalent in low income countries and declines with increasing prosperity to negligible levels in developed countries 23 . Its prevalence and effects in older children have received relatively little research attention.
Though broad syndromes of infant malnutrition have been described, local variations in dietary deficiency probably influence the spectrum of biochemical effects. Electrolyte disturbances have been identified in numerous series of young children admitted with protein energy malnutrition in developing countries. Dietary deficiency is rarely the sole cause of malnutrition in these cases; concomitant infections, particularly diarrhoea and gut parasitoses, further compromise nutrition by inducing malabsorbtion and the increased metabolic demands of attempting to mount an immune response.
These studies have reported reduced concentrations of albumin and plasma protein, hypokalaemia and hyponatraemia 24 , hypomagnesaemia 25, 26 and hypocalcaemia 27 , the latter particularly associated with vitamin D deficiency. By the time hypomagnesaemia occurs tissue and CSF magnesium deficiency is usually severe because it is primarily an intracellular ion and neurological function is already adversely affected 26, 28 .
Studies of malnourished children have also shown that hypoglycaemia 29 is also a particular hazard of malnutrition in the presence of diarrhoea and may be due to failure of gluconeogenesis 30 .
These reports generally represent the severer end of the spectrum of malnutrition; the extent to which these biochemical derangements occur in the majority of children suffering from chronic malnutrition of lesser severity is uncertain. The emphasis on younger children reflects their particular vulnerability but evidence for generalization of these findings up the age range comes from Antener et al.'s 27 study which included malnourished adults.
Many of the electrolyte abnormalities characteristic of severe malnutrition can lower seizure threshold. This can happen in hyponatraemia 31 and hypocalcaemia 32 . Seizures have also been observed in hypomagnesaemic malnourished children 25 that responded rapidly to administration of magnesium 33 . A high incidence of seizures has also been reported in hypoglycaemic children with diarrhoea and malnutrition 30 and induced hypoglycaemia has been shown to stimulate seizures in patients with underlying brain lesions 34 .
Amino acids, malnutrition and epilepsy
A further line of enquiry concerns the effect of malnutrition on excitatory (Glutamate) and inhibitory (GABA) neurotransmitters. Reduced GABA levels have been found in the CSF 35 and in the cerebral cortex of patients with epilepsy 36 , but not at the actual epileptic focus 37 . This would be compatible with GABA playing a role in preventing seizure spread rather than seizure genesis.
One possible mechanism whereby malnutrition could affect levels of inhibitory aminoacid neurotransmitters would be that low dietary intake of the amino acid or its precursors could lead to reduced availability in the brain.
In malnourished humans GABA levels have only been measured in the blood. The findings are contredictory, Smith et al. 38 found lowered levels, Agarwal et al. 39 found raised levels. The relationship between GABA levels in the blood, CSF, whole brain and at the synaptic cleft is especially relevant. When brain GABA is pharmacologically increased by administration of antiepilepsy drugs that prevent the breakdown of GABA, increases in CSF and blood GABA are subsequently observed 40 . Whether the process can occur in reverse, that is a change in blood GABA affecting CSF and brain levels of GABA, depends on transport across the blood brain barrier. Given the free exchange between CSF and the brain's extracellular space (which includes the synaptic cleft) 41 it is likely that CSF amino acid levels reflect those at the synaptic cleft. However, the relative impermeability of the blood brain barrier to GABA 42 as demonstrated by failure of CSF GABA to increase during intravenous infusion does not tell us whether CSF and brain GABA declines in the opposite condition of plasma depletion due to malnutrition.
A more convincing mechanism is suggested by Andrade and Paula-Barbosa 43 . They subjected rat pups to either 12 months of malnutrition on a low protein diet, or to a low protein diet for 6 months followed by a further 6 months of adequate diet, or to 12 months of adequate diet throughout. The rats entered the experiment at 2 months of age when postnatal brain growth would have been at a maximum. At the end of the experiment the density of GABAergic and cholinergic neurons in medial temporal lobe structures including the hippocampus was examined immunocytochemically. They found that GABAergic neurons in the hippocampus and dentate gyrus were depleted in the groups sub-jected to malnutrition and showed no sign of recovery in the group that was switched to an adequate diet after 6 months. Though also depleted by malnutrition, the cholinergic neurons showed greater recovery after nutritional rehabilitation. Hippocampal damage plays a prominent role in partial epilepsy and if this finding applied to humans it would suggest that even a brief period of malnutrition in infancy could predispose to epilepsy later in life.
Lehmann and Hamberger's report that hypoglycaemia causes the release of glutamate in the hippocampus 44 offers an additional mechanism by which malnutrition lowers seizure threshold by increasing the level of an excitatory amino acid neurotransmitter.
Experimental and observational studies
The only experimental studies of the effect of malnutrition on seizure threshold have been conducted on rats. Stern et al. 45 demonstrated lowered seizure threshold in response to electroconvulsive shock in adult rats which had been reared on protein deficient diets. This finding did not fully reverse on reinstatement of a normal diet suggesting permanently altered brain function. Histological examination was not reported. Subsequently the same team 46 , showed that the effect of malnutrition was specific for the method of seizure induction. They confirmed their previous findings on electroconvulsive shock, but were unable to demonstrate that it applied to kindled or pentylenetetrazol induced seizures.
Palencia et al. 47 fed a corn-based exclusion diet to weened rats in order to simulate the prevailing dietary deficiencies that affected the population in parts of Mexico. They then assessed the threshold for pentylenetetrazole-induced seizures and found it was significantly lower than in non-malnourished controls. Only a limited number of biochemical parameters were examined, but the malnourished rats had lower serum proteins, glucose and cholesterol. Electrolytes were not measured. Histological examination of the brains of the malnourished rats showed structural abnormalities consisting of atrophic neurones in the hippocampus, cerebellar and cerebral cortices. It is not clear whether chronic malnutrition-induced changes to the brain's microscopic structure were responsible for the lowered seizure threshold, or whether it was due to change in the biochemical environment. This is an important consideration because the former is probably irreversible whereas the latter should respond to nutritional rehabilitation.
Evidence in humans is equally scarce. Levav et al. 48 in Ecuador anthropometrically assessed nutrition, performed EEGs, examined stool for parasites and assessed iodine deficiency in 194 school-going children in a poor rural area. 6.6% of this malnourished sample had epileptiform EEG changes (spikes, sharp waves or paroxysmal features) which is a much higher proportion than the 1.6-2.7% that these researchers quoted from developed countries. Unfortunately they did not examine associations between measures of malnutrition, iodine deficiency and specifically epileptiform EEG changes. They did, however, demonstrate an association between iodine deficiency and any EEG abnormality.
Data also comes from a population-based epidemiological study of the prevalence of epilepsy in 8 to 12 year old children in Kerala, South India, in which every child was weighed and measured as well as asked questions to establish the presence of epilepsy 2 . Body mass index but not height was significantly lower in children with epilepsy compared to non-epileptic children from the same population. This association remained even when measures of social class were taken into account. The association with body mass index (wasting) rather than stature, implicates current rather than past malnutrition 49 suggesting that seizure threshold is lower in these children due to the acute metabolic effect of malnutrition 49 . Had it been due to structural changes due to nutritional brain insults at the time of maximum post-natal brain growth (and hence vulnerability) a deficit in height would have been expected, stunting being a measure of early malnutrition.
A cross-sectional study such as this cannot exclude social explanations for the association. Dike 50 in Zambia reported three infants with seizure disorders who were admitted with malnutrition for which no other cause could be found. He suggested that either subtle neurological disorders could impair a child's ability to feed or that they were the victims of 'conscious selective neglect'.
As well as potential mechanisms involving electrolyte disturbances or the effects of malnutrition on amino acid neurotransmitters outline above, a separate line of evidence comes from the observation that selenium deficiency can cause seizures in children 51, 52 . Selenium deficiency is not purely a result of economic deprivation. Intake depends heavily on the content of the local soil making it a condition determined as much by geography as by poverty 53 .
Finally, consideration has to be given to malnutrition and epilepsy being linked through reduced immunity. Numerous studies 54 have shown that malnutrition lowers resistance to infection; this could make malnourished children more vulnerable to a range of infections including neurotropic virus infections that cause epilepsy and are prevalent in developing countries.
This brief review has provided evidence that malnutrition could contribute to the raised prevalence of epilepsy in children in the developing world. Further studies are needed to confirm the association but ethical as well as scientific considerations require the early conduct of intervention studies of nutritional rehabilitation in malnourished children with epilepsy.
